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SUMMARY 

Myelin-reaclive I' cells arc considered to play an essential role in the pathogenesis ol multiple sclerosis 
(MS), an autoimmune disease of the central nervous system. We have previously studied the effects of 
T cell vaccination (TCV), a procedure by which MS patients are immunized with attenuated autologous 
myelin basic protein (MBP)-reactive T cell clones. Because several myelin antigens are described as 
potential autoantigens for MS, T cell vaccines incorporating a broad panel of antimyelin reactivities may 
have therapeutic effects. Previous reports have shown an accumulation of activated T cells recognizing 
multiple myelin antigens in the cerebrospinal fluid (CSF) of MS patients. We conducted a pilot clinical 
trial of TCV with activated CD4 + T cells derived from CSF in five MS patients (four RR, one CP) to 
study safety, feasibility and immune effects of TCV. CSF lymphocytes were cultured in the presence 
of rIL-2 and depleted for CD8 cells. After 5-8 weeks CSF T cell lines (TCL) were almost pure 
TCRa/J + CD4 + cells of the Thl/ThO type. The TCL showed reactivity to MBP, MOG and/or PLP as tested 
by Elispot and had a restricted clonality. Three immunizations with irradiated CSF vaccines (10 million 
cells) were administered with an interval of 2 months. The vaccinations were tolerated well and no tox- 
icity or adverse effects were reported. The data from this small open-label study cannot be used to sup- 
port efficacy. However, all patients remained clinically stable or had reduced EDSS with no relapses 
during or after the treatment. Proliferative responses against the CSF vaccine were observed in 3/5 
patients. Anti-ergotypic responses were observed in all patients. Anti-MBP/PLP/MOG reactivities 
remained low or were reduced in all patients. Based on these encouraging results, we recently initiated 
a double-blind placebo-controlled trial with 60 MS patients to study the effects of TCV with CSF- 
derived vaccines in early RR MS patients. 

Keywords activated CD4 + T cells cerebrospinal fluid multiple sclerosis pilot clinical trial Tcell 
vaccination 



INTRODUCTION 

Multiple sclerosis (MS) is a chronic inflammatory disease of the 
central nervous system (CNS) white matter, characterized by 
focal areas of demyelination [1]. Although the exact mechanism 
of disease initiation remains elusive, it is postulated that CD4 + T 
cells play an essential role in the pathogenesis of MS by targeting 
components of myelin sheaths such as myelin basic protein 
(MBP), proteolipid protein (PLP) and myelin oligodendrocyte 
glycoprotein (MOG) [2,3]. 
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Based on the potential pathogenicity of myelin reactive T cells 
several immunotherapeutic strategies have been designed to 
specifically inactivate these T lymphocytes [4]. One possible ther- 
apeutic approach involves immunization with attenuated myelin- 
reactive T cells. This so-called 'T cell vaccination' (TCV) has 
been shown previously to prevent disease initiation and to 
induce remission in experimental autoimmune encephalomyelitis 
(EAE), an animal model for MS, by enhancing the existing 
peripheral regulatory network [5]. The protective effects involve 
both an anti-idiotypic T cell response, recognizing T cell receptor 
(TCR) determinants [6] and an antiergotypic regulatory T cell 
response based on interactions with activation markers [7]. The 
successful results of T cell vaccination in animal studies led to 
human clinical trials conducted to evaluate the therapeutic effect 
of TCV as a treatment strategy for MS [8-10]. A pilot trial was 
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performed in a small number of MS patients to assess safety of 
and immunological responses to T cell vaccination [9,11,12]. 
Patients were immunized three times with autologous irradiated 
MBP-reactive T cell clones. Subcutaneous inoculations of the 
vaccine cells were well-tolerated and caused no adverse effects. 
Clinical data suggested a moderate improvement in some 
relapsing-remitting (RR)-MS patients [11]. Furthermore, vaccina- 
tions induced an effective anticlonotypic T cell response in all 
patients, associated with a specific depletion of MBP-reactive T 
cells [9]. These results were confirmed in an extended phase I 
open label trial with 49 MS patients [13,14]. Further analysis of 
the antivaccine response revealed that CD8 + T cells display a 
direct cytolytic anti-idiotypic effect, whereas CD4 + T cells are the 
predominant cytokine producers. In addition, other cell popula- 
tions are expanded upon stimulation with the vaccine clones 
including y8T cells and NK cells, which may also play a role in the 
peripheral regulatory network [14]. Furthermore, it was shown 
that a significant anticlonotypic T cell response was still present 
several years after vaccination [15]. However, in live patients 
MBP-reactive T cells reappeared in the circulation and this coin- 
cided with clinical relapses in two of these patients [16]. Reap- 
pearing T cells belonged to a different clonal origin and were 
depleted successfully in subsequent rounds of vaccination [15,16]. 
In conclusion, these pilot studies indicated thatT cell vaccination 
with attenuated autologous MBP-reactive T cell clones is safe and 
feasible, and that this experimental treatment induces a specific 
antivaccine response, thereby enhancing the peripheral immuno- 
regulatory networks. 

Increasing evidence indicates that T cells recognizing other 
myelin components may also contribute to the disease process in 
MS. Experiments in EAE and studies on human T cell reactivity 
demonstrated that PI.P and MOG may play an important role as 
candidate myelin antigens in the autoimmune mediated demyeli- 
nation [17-22], Incorporating T cell populations specific for these 
autoantigens in the vaccines may improve the effectiveness of the 
current TCV protocol. However, technically it is almost impossi- 
ble to generate T cell clones specific for three different myelin 
antigens with the current protocol design. Interestingly, it has 
been shown that a higher frequency of activated myelin-reactive T 
cells is present in cerebrospinal fluid (CSF) compared to periph- 
eral blood [23-27]. Moreover, the population of CSF lymphocytes 
reflects the repertoire of inflammatory cells infiltrating the paren- 
chyma more effectively and may contain infiltrating pathogenic 
cells relevant to the disease process because of its proximity to the 
target organ in MS [28]. 

Based on these observations and a prior study to determine 
the optimal expansion conditions of CSF-derived activated T 
cells, a protocol was developed to expand activated CD4 + T lym- 
phocytes from CSF of MS patients. We were able to grow these T 
cells to sufficient numbers for vaccination (10 7 T cells) after stim- 
ulation with low doses of recombinant human interleukin-2 in the 
presence of irradiated autologous feeder cells [25]. Using immu- 
nomagnetic beads, other mononuclear cell populations were 
depleted successfully from the CSF cell cultures. In this pilot trial 
of CSF-basedT cell vaccination, five MS patients were immunized 
subcutaneously three times with 10 7 irradiated activated CD4 + T 
cells at 2-month intervals. We characterized the T cells used for 
vaccination and studied safety, feasibility and immune effects fol- 
lowing immunization. T cell vaccines consisted predominantly of 
activated Thl/0 TCRa/T CD4 + T cells, showed reactivity towards 
at least two out of three myelin antigens tested and had a 



restricted clonality as determined by TCR analysis. The vaccina- 
tions were tolerated well and all patients remained clinically sta- 
ble on EDSS without relapse during and at least 4 months after 
treatment. Another 6-12 months later, two patients worsened on 
EDSS (one RR-MS and one CP-MS), and in the RR-MS patient 
this was accompanied by a relapse. Both anti-idiotypic responses 
against the vaccine cells and antiergotypic responses were 
observed after vaccination in the majority of the patients. Myelin 
reactivities in the peripheral blood towards MBP, PLP and MOG 
remained low or were further reduced in all patients. In conclu- 
sion, these preliminary data illustrate that T cell vaccination with 
CSF-derived CD4 + activated T cells is feasible and safe and 
induces a specific antivaccine response. 

MATERIALS AND METHODS 

Study design 

Five patients with clinically definite MS received three subcuta- 
neous vaccinations containing 10 million CSF-derived activated 
CD4 + T cells at 2-month intervals. A lumbar puncture was per- 
formed at time 0, patients were immunized after months 2, 4 and 
6 and followed-up until 10-15 months after the last vaccination. 
Four months after the last vaccination, a second CSF sample was 
obtained for postvaccination analysis. For each patient, MRI- 
scans were performed before the first and after the third vaccina- 
tion. During the whole procedure, patients were monitored 
monthly for safety parameters and changes in clinical or immu- 
nological status. The clinical study was approved by the ethical 
committee of the Limburgs Universitair Centrum (Diepenbeek, 
Belgium). 

Patients 

Table 1 shows an overview of the patient characteristics. The five 
patients (four female/one male) participating in this study all had 
clinically definite MS: four of the relapsing-remitting (RR) type 
and one of the secondary progressive (CP) type. The mean age 
was 36-8 (range 24-51) years, mean disease duration at the time of 
study entry was 7-4 (range 1-28) years and baseline EDSS scores 
varied from 1-0 to 6-5. The four RR-MS patients showed a relapse 
rate from 1 to 3 during the last 2 years before entering the study. 
None of the patients used immunosuppressive or immunomodu- 
latory drugs within 3 months before study entry. All participating 
patients signed a letter of informed consent. 



Table 1. Patient characteristics at study entry 



AMI I 

YEL 
FRW 



a Disease type: RR: relapsing-remitting; SP: secondary progressive; 
b number of relapses in a period of 2 years prior to study entry; EDSS: 
expanded disability status scale: n.a.: not applicable. 
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Table 2. Am 


ino acid sequence of synthesized myelin peptides 


Myelin peptide 


Amino acid sequence 


MBP (84-102) 


NPVVHFFKNIVTPRTPPPS 


MBP (143-168) 


GVDAQGTLSKIFKLGGRDSRSGSPMA 


MOG (1-22) 


GQFRVIGPRHPIRALVGDEVEL 


MOG (34-56) 


GMEVGWYRPPFSRWHLYRNGKD 


MOG (64-86) 


EYRGRTELLKDAIGEGKVTLRIR 


MOG (74-96) 


DAIGEGKVTLRIRNVRFSDEGGF 


PLP (41-58) 


GTEKLIETYFSKNYQDYE 


PLP (184-199) 


QSIAFPSKTSASIGSL 


PLP (190-209) 


SKTSASIGSLCADARMYGVL 



Cell culture media and antigens 

Cells were cultured in RPMI-1640 medium supplemented with 
L-glutamine, sodium pyruvate, non-essential amino acids and 
10 mil HEPES buffer (Life Technologies, Paisley, Scotland, UK) 
and either 10% heat-inactivated fetal bovine serum (FBS, 
Hyclone Europe, Erembodegem, Belgium) or 10% heat- 
inactivated autologous serum. Human MBP was purified from 
white matter of normal human brain according to the method of 
Deibler [29]. The synthetic myelin peptides MBP (84-102), MBP 
(143-168), PLP (41-58), PLP (184-199), PLP (190-209), MOG 
(1-22), MOG (34-56), MOG (64-86) and MOG (74-96) were 
synthesized and HPLC purified (>95% purity) by Severn Biotech 
Ltd (Worcester, UK) (Table 2). 

Generation of CSF-derived activated CD4 + T cell vaccines 
Fresh CSF-derived mononuclear cells were isolated after centrif- 
ugation of the cerebrospinal fluid obtained by lumbar puncture 
(10-15 ml). Cells were resuspended in autologous medium, 
counted and cultured for 10-12 days at cell densities of 2 x 10 4 
cells/well, in the presence of 10 5 irradiated autologous peripheral 
blood mononuclear cells (PBMC) as feeder cells and low concen- 
trations of recombinant human IL-2 (2 U/ml rhIL-2, Roche Diag- 
nostics, Brussels, Belgium). In parallel, freshly isolated PBMC 
were plated out. Every 7-14 days, cell cultures were phenotypi- 
cally characterized b\ (low cytometric analysis w ith a set of fluo- 
rochrome-conjugated mAb: anti-CD4/CD8, anti-CD3/CD16-56, 
anti-CD25/CD3, anti-TCRa/3/TCRy<5 and antimouse lgG l llgG 2 ^ 
as an isotype control (BD Biosciences). Lymphocyte subsets 
other than CD4+T cells (CD8+ T cells, TCRy<ST cells or NK cells) 
representing > 15% of the total cell population were depleted 
using immunomagnetic beads (Dynal, Skoyen, Norway). Deple- 
tion efficiency (typically > 95%) was monitored by flow cytomet- 
ric analysis. Cells were further expanded by repeated stimulation 
with autologous feeder cells and rhIL-2. At regular time-points, T 
cell cultures were analysed for their phenotype and, if necessary, 
depleted from non-CD4 + T cell subsets during the expansion 
period. One week prior to the first vaccination, T cells were acti- 
vated with freshly isolated irradiated autologous feeder cells and 
rhIL-2. Ten million attenuated (6000 rad, Cs-source) autologous 
CSF-derived activated T cells were used for vaccination. The 
remaining cells were aliquoted and frozen for subsequent immu- 
nizations and used for detailed vaccine characterization as 
described below. 



Analysis of cytokine profiles 

To analyse the cytokine secretion profiles of CSF-derived vaccine 
cells, 2 x 10 4 cells were stimulated with phytohaemagglutinin 
(PHA, 2 ^g/ml, Difco, Detroit, MI, USA) in the presence of 10 5 
irradiated autologous PBMC or 10 5 irradiated autologous PBMC 
alone. After 72 h, cell supernatants were harvested and the cytok- 
ine production was measured using a sandwich ELISA based on 
commercially available monoclonal antibody pairs according to 
the manufacturer's instructions (Cytosets, Biosource Europe, 
Nivelles, Belgium). Optical densities were measured at 450 nm 
and 630 nm using an automated ELISA reader (ICN Biomedicals, 
Asse, Belgium) and sample concentrations were calculated using 
standard curves. Cells stimulated with PHA were analysed for 
production of IL-4, IL-6, IL-10, TNF-a and IFN-y Net cytokine 
secretion was calculated by subtracting background levels (cells 
without PHA) from the levels measured in the stimulated 
cultures. 

T cell receptor (TCR) expression analysis 
We determined the clonal heterogeneity of T cells of the three 
subsequent CSF-vaccines of PBMC isolated before the first and 
after the third vaccination and, if possible, of CSF-derived T cells 
obtained after the third vaccination. Cells were pelleted, washed 
twice in ice-cold PBS and immediately frozen at -70°C. Total 
RNA was extracted using the High Pure total RNA isolation kit 
(Roche Diagnostics, Brussels, Belgium) and reverse-transcribed 
into first-strand cDNA using oligo dT (Promega, Madison, WI, 
USA). 

Semiquantitative TCR BV gene repertoire screening using 
PCR-ELISA. PCR-ELISA was performed as described previ- 
ously [30]. Relative expression of TCR BV genes in the total TCR 
BV gene repertoire were presented as fractions of the total TCR 
BV gene expression using the following formula: % BV X = (OD 450 
(BV,) x 100)/Z OD450 (BV n ). 

Overrepresented TCR BV genes were defined as exceeding 
an arbitrarily defined cut-off value based on the mean TCR BV 
gene expression levels in the blood of 10 healthy controls + 3 stan- 
dard deviations (s.d.). 

Clonal analysis: CDR3 sequencing. CDR3 region sequences 
were determined as described previously [31]. Briefly, cDNA of 
overrepresented TCR BV genes was amplified using the TCR BV 
region-specific and a TCR BC region-specific primer. PCR ampl- 
icons were ligated in the pCR24 cloning vector and transformed 
by heat shock in Escherichia coli cells following the manufac- 
turer's instructions (TOPO TA Cloning Kit, Invitrogen, Leek, the 
Netherlands). Subsequently, plasmid DNA was isolated from 15 
to 25 recombinant plasmids. After an additional round of ampli- 
fication of the insert with TCR BV and TCRBC region specific 
primers, the amplicons were sequenced with a TCR BC region- 
specific primer using the Big Dye 1 " Terminator < ycle Sequencing 
Ready Reaction Kit (Applied Biosystems. Warrington, UK). Flu- 
orescently labelled PCR amplicons were purified and DNA 
sequences were evaluated on an ABI Prism 310 Genetic Analyser 
(Applied Biosystems). 

Clonal analysis: CDR3 spectratyping. CDR3 region spectro- 
type analysis was performed as described earlier [30,32]. CDR3 
spectratype analysis provides information about the clonal com- 
position of specific BV gene families. Polyclonal T cell popula- 
tions show a Gaussian distribution profile with at least four peaks. 
A less heterogeneous profile with two to four peaks represents 
an oligoclonal T cell population, whereas a single peak in the 
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CDR3 spectratype profile strongly suggests a monoclonal T cell 
population. 

Frequency analysis of unci in-reactive T cells determined bv 
ELISPOT 

Myelin reactivity of CSF-derived cultured T cells was tested in an 
IFN-7 ELISPOT assay as described earlier (Mabtech, Sweden) 
[33]. We tested triplicate wells of 2 x 10 4 vaccine T cells cultured in 
the presence of 10 5 irradiated autologous PBMC (as antigen pre- 
senting cells) and antigen. Reactivity was tested to a panel of syn- 
thetic MBP, PLP or MOG peptides (10 jUg/ml each, Table 1), 
control stimuli (PHA or anti-CD3, 2 £ig/ml) or no antigen added. 
Spots were counted using a dissection microscope. The number of 
cytokine-secreting cells was calculated by subtracting the number 
of spots in control wells (without antigen) from the number of 
spots obtained in the presence of the stimulating agent. 

In parallel, an IL-4 ELISPOT assay was performed using the 
anti-IL-4 antibody pair from MabTech. Interassay variability and 
reproducibility of the ELISPOT assays were as reported previ- 
ously [33]. 

Frequency analysis of myelin-reactive T cells determined by 
limiting dilution analysis 

Before the first and after the third vaccination, PBMC were iso- 
lated from heparinized blood by Histopaque density centrifuga- 
tion (Sigma, St Louis, MO, USA), washed extensively, counted 
and suspended in autologous medium. Subsequently, cells were 
plated at 10 5 cells per well in U-bottom 96-well plates (Nunc, 
Roskilde, Denmark) in the presence of MBP (40 jUg/ml, 60 wells), 
a mixture of the three PLP peptides (10 ^g/ml each, 30 wells) or a 
mixture of the three MOG peptides (10 jttg/ml each, 30 wells). In 
parallel 60 wells of 4 x 10 4 PBMC per well were cultured with Tet- 
anus toxoid (TT, 2-5 Lf/ml, RIVM, Bilthoven, the Netherlands). 
After 7 days, cultures were restimulated with 10 5 irradiated autol- 
ogous PBMC pulsed with the corresponding antigen and supple- 
mented with 2 U/ml rhIL-2. At day 14, each TCL was tested for 
antigen specificity. Briefly, 50% of the cells in a cultured well were 
split into four wells and restimulated in duplicate with 10 5 irradi- 
ated antigen-pulsed or non-pulsed autologous PBMC. After 
3 days, proliferation capacities were measured using a classical 
[ 3 H]-thymidine incorporation assay. During the last 16 h of cul- 
ture, cells were pulsed with 1 ,uCi [ 3 H]-thymidine (Amersham, 
Buckinghamshire, UK) and harvested with an automated cell har- 
vester (Pharmacia, Uppsala, Sweden). Incorporated radioactivity 
was measured with a Beta-plate liquid scintillation counter 
(Wallac, Turku, Finland). The criteria for a positive antigen- 
specific T cell line were set at a stimulation index (SI) > 3 and a 
minimum value of 1500 counts per minute (cpm). 

Proliferative response to vaccine cells and PHA-stimulated Tcell 
blasts 

At various time-points before, during and after the immunization 
program, freshly isolated PBMC (5 x 10 4 cells/well) were cocul- 
tured in triplicate with 5 x 10 4 irradiated stimulator cells for 72 h, 
as described previously [9]. The immunizing vaccine T cells or 
PHA-activated T cell blasts were used as stimulators. To prepare 
activated T cell blasts, PBMC were cultured in the presence 
of 1 jig/ml PHA and 5 U/ml rhIL-2 for 7 days and washed 
extensively. As control, PBMC and irradiated stimulator T cells 
were cultured alone. Cell proliferation was measured in a classical 
proliferation assay as described above, and stimulation indices 



(SI) calculated as follows: (cpm of PBMC co-cultured with irra- 
diated stimulator T cells)/(cpm of PBMC cultured alone) + (cpm 
of irradiated stimulator T cells alone). 

Monitoring safety and clinical status variables 
During the entire study period, all patients were monitored for 
safety using standard toxicity assays and were observed for 
adverse effects following the immunization protocol. To deter- 
mine expanded disability status score (EDSS) and relapse rate, 
neurological examinations were performed. A clinical relapse was 
defined as the appearance, or reappearance, of one or more neu- 
rological abnormalities persisting for at least 48 h [34]. Patients 
were asked to report changes in symptoms and/or the appearance 
of new symptoms. Clinical relapses were confirmed by the evalu- 
ating neurologist at the next scheduled visit. Brain MRI were 
obtained before the first vaccination and after the third vaccina- 
tion using a 1-5 Tesla instrument (Magneton Symphony, Siemens, 
Erlangen, Germany). I 'sing two interleaved series of turbo spin- 
echo dual echo sequences, proton density (Pd, TR: 2560 ms, TE: 

11 ms) and T2-weighted (T2w, TR: 600 ms, TE: 12 ms) images 
were obtained. These sequences are followed by two interleaved 
series of Tl-weighted spin-echo sequences (Tlw,TR: 600 ms, TE: 

12 ms) after administration of Gadolinium (Gd). All sequences 
were acquired with a slice thickness of 3 mm, an interslice gap of 
3 mm, a field of view of 250 mm and a 190/256 matrix for Pd and 
T2w images or a 192/256 matrix for Tlw images. The total number 
of Tlw and T2w lesions and the number of Gd enhanced Tlw 
lesions were counted. Tlw Gd-enhanced lesions and new or 
enlarging T2w lesions were considered to be active lesions, as 
described [22]. Lesions that appeared on T2w scans and were also 
Gd-enhanced on Tlw images were counted only once as an active 
lesion. 

RESULTS 

Vaccine preparation 

For four of five MS patients, we were able to expand CSF-derived 
mononuclear cells to sufficient numbers to perform three immu- 
nizations. Most patients received 10 7 vaccine cells in each of the 
three immunizations. Due to culturing difficulties, the first vac- 
cines of patient FRW and JEL contained 2-3 million cells only. 
For one patient (VEL). cells from the CSF could not be cultured. 
Instead, we performed three vaccinations using rhIL-2 expanded 
mononuclear cells from peripheral blood. 

I \u\ me Juiracu nriilion 

Phenotypic analysis. Flow-cytometric analysis demonstrated 
that vaccines were composed of TCRap? CD4 + T cells 
(93-5 + 0-9%) with a variable expression of the IL-2 receptor a 
chain (CD25, 69-7 + 5-7%). Little or no CD8 + T cells (3-5 + 14 %), 
7«S+ T cells (5-7 + 2-3%) or natural killer cells (CD16+ 56 + ; 
0-16 + 0-08%) were present in the vaccines (Fig. 1). 

Cytokine profile. Next, the cytokine secretion profiles of T cell 
lines used for the first vaccination were analysed after in vitro 
stimulation with phytohaemagglutinin (PHA) and feeders. TNF- 
a, IFN-y and IL-6, produced by Thl cells, and IL-4 and IL-10, 
produced by Th2 cells, were measured b\ I LISA in the superna- 
tants of the cell cultures. In the four vaccines tested, high levels of 
TNF-a, IFN-7 and lL -6 were measured (Fig. 2). CSF-derived T 
cells from two patients (AMH and FRW) also produced moderate 
amounts of IL-4 and IL-10, and were subtyped as ThO-type cells 
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% Lymphocytes 

I-'ig. 1. Mean phenotxpic expression proliles off eell vaccines. Bars rep- 
resent the mean percentages of cellular subsets. Standard errors of the 
mean (s.e.m.) are shown in horizontal lines. Mean percentages of total T 
cells (CD3),T helper cells (CD4), cytotoxicT cells (CD8), TCRcejET T cells 
(TCRa/3), rS T cells (TCR/5), natural killer cells (NK, CD16/56) and 
activated T cells (IL-2 receptor a chain (CD25) + ) are shown for the three 
vaccines of the five MS patients □, 10 pg/ml; 0, 11-100 pg/ml; E3, 101- 
500 pg/ml; □, 501-1000 pg/ml; D, >1000 pg/ml. 



159 



IL-4 IL-10 IL-6 TNF-a IFN-7 




Fig. 2. Cytokine production of T cell vaccines. T cell vaccines used for the 
first vaccination were stimulated with PHA. After 3 days, cell supernatants 
were harvested and cytokine levels were measured by ELISA. Net cytok- 
ine production (in pg/ml) of IL-4, IL-10, IL-6, TNF-a and IFN-y was 
calculated by subtracting background levels (without PHA) from the 
cytokine levels determined in the PH A-stimulated cultures. ND: not deter- 
mined. □, <10 pg/ml; E, 11-100 pg/ml; 0, 101-500 pg/ml; 501-1000 pg/ 
ml; H, >1000 pg/ml. 



Table 3. Myelin reactivity of T cell vaccines 



(Fig. 2). In contrast. Th2-specific cytokines were not present in the 
cell culture supernatants of the two other patients (VEL and 
JEL). These T cell vaccines consisted predominantly of Thl-like 
cells. 

Myelin reactivity. Myelin specilicit\ of the vaccine cells was 
tested at the time of the first vaccination. The recognition pattern 
of immunodominant peptides ol MBP, PLP and MOG was anal- 
ysed by IFN-y and IL-4 ELISPOT using 2 x 10 4 vaccine cells in 
the presence of 10 5 irradiated autologous PBMC as antigen pre- 
senting cells. No IL-4-secreting cells were detected after stimula- 
tion with the myelin peptides, although a high IL-4 production 
was found against the control stimuli PHA and anti-CD3. IFN-y- 
secreting vaccine cells displayed a heterogeneous reactivity 
towards different peptides of the three myelin antigens tested 
(Table 3). In three of four cell cultures we found relatively high 
reactivity towards MOG. All four T cell cultures tested recognized 
one or more PLP peptide, but to a lesser extent. Although MBP- 
specific T cells were demonstrated in only two patient vaccines, 
we cannot exclude the possibility that T cells recognizing other 
MBP epitopes are present, as only two immunodominant pep- 
tides of the MBP protein were tested. Furthermore, pilot exper- 
iments using low numbers of pure MBP- or MOG-specificThl cell 
clones demonstrated that the number of spots detected does not 
always correspond to the number of myelin-reactive T cells added 
(data not shown). Indeed, theoretically every myelin-specific T 
cell should produce IFN-yupon stimulation with the peptide it is 
recognizing. However, counting the number of spots showed that 
only 1/10 of the cells derived from the myelin-specific T cell clone 
secreted IFN-y after stimulation with the corresponding myelin 
peptide or a control stimulus (anti-CD3) (data not shown). 

Clonal composition. To study the clonal composition of the 
three subsequent vaccines for each patient, the TCR BV gene 
expression profiles were analysed by a semiquantitative PCR- 
ELISA assay. The TCR BV gene expression in the vaccine cells is 
restricted and only a limited number of BV genes are overex- 
pressed (Fig. 3). The three vaccines from one patient had a stable 
BV gene expression profile. For example, in patient LIB, BV 7 
and BV 13-2 are overrepresented in all three vaccines. In addition, 
an increased expression of BV 6, BV 17 and BV 19 was observed 



Antigen reactivity 



Patient MBP a PLP a MOG" TT 



AMH 8 5 17 4 

VEL 9 8 25 2 

FRW NI 

LIB 0 2 10 

JEL 0 3 17 0 



3 T cell vaccines used for the first vaccination were tested for myelin 
reactivity by ELISPOT. 2 x 10 4 vaccine cells in the presence of 10 5 antigen- 
presenting cells were incubated will) a mix! ure of different peptides avail- 
able of MBP (84-102 and 143-168), PLP (41-58, 84-99 and 196-209) and 
MOG (1-22, 34-56. 64 86 and ^4-96). The sum of the positive spots is 
shown for each myelin antigen peptide mixture. TT: Tetanus toxoid, control 
antigen; NI: not identified; for patient FRW, the ELISPOT assay failed 

in the three cell populations. Despite the limited number of over- 
expressed TCR BV genes in all patient cultures, overrepresented 
BV genes definitely varied among different patients. In general, 
the BV gene expression pattern in the vaccines was different 
among patients (Fig. 3). 

CDR3 spectratype analysis provides information about the 
clonal composition of specific BV gene families. Identical frag- 
ment lengths of PCR amplified CDR3 regions, which are depicted 
as peaks in the profile, suggest strongly that identical T cell clones 
are present in different samples. Furthermore, the height of the 
peaks corresponds to the frequency of a specific clonotype within 
a given BV gene family. In general, the majority of the analysed 
TCR BV gene families in the T cell vaccines showed a restricted 
clonal origin as demonstrated by predominantly mono- or oligo- 
clonal CDR3 spectratype profiles (Fig. 4). Furthermore, compar- 
ison of the different clonotypes of the three vaccine samples 
within a given BV gene family also indicates that identical T cell 
clones are present in different samples, although the frequency 
(determined by peak height) may vary at different time-points 
(Fig. 4). For example, CDR3 fragment length analysis of the TCR 
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Fig. 3. TCR BV gene expression profiles in the T cell vaccines of five MS patients. T cell vaccines were submitted to semiquantitative 
PCR-ELISA analysis to determine the TCR BV gene expression repertoire. As a comparison to illustrate the skewed BV gene usage of 
the cultured vaccine T cells, the mean TCR BV gene expression profile of unstimulated PBMC from 10 healthy controls is shown. The 
expression of eat Ihidual ICR J I ited as a j [ the total I i (1 \ (B\„) |. J, 

<5%; □. 5-10%; 10-15%; ■. >15%. 



BV 6 gene family in patient AMH shows an oligoclonal profile for 
all three vaccines, as illustrated in Fig. 4a. In vaccine 1, three dif- 
ferent peaks are present and the dominant clonotype also persists 
in vaccine 2. The oligoclonal T cell population of vaccine 3 is rep- 
resented by three different clonotypes but the frequency of the 
dominant clonotype from vaccine 1 and 2 is much lower in this 
sample. Interestingly, in the unstimulated PBMC a restricted oli- 
goclonal profile, with the same dominant clonotype was also 
observed (Fig. 4a). Figure 4b illustrates the persistence of a given 
clonotype in the BV 7 T cell populations of the three vaccines of 
patient FRW. Although at time-point 2 and 3 a monoclonal CDR3 
spectratype profile is observed, this clonotype is also present in 
vaccine 1 but at a lower frequency. Furthermore, the unstimulated 
PBMC were polyclonal with an increased frequency of one peak. 
The CDR3 fragment length of this band corresponds to the dom- 
inant peak in the CSF-derived vaccine samples. This may indicate 
an increased expression level in the peripheral blood after in vivo 
activation and subsequent clonal expansion of this specific clono- 
type (Fig. 4b). 

In conclusion, TCR BV gene expression profiles and sub- 
sequent CDR3 region analysis of the three vaccines used for 
immunization showed a restricted but stable heterogeneity with 
different overrepresented BV genes between different patients. 

CDR3 sequence analysis of overrepresented BV genes in 
patient AMH. For one patient (AMH), we also determined the 
clonal composition of different BV gene families in the three vac- 
cine samples using CDR3 sequence analysis. To this end, the PCR 
products were cloned in a plasmid vector and 15-25 randomly 
selected recombinant clones were sequenced. Table 4 provides 



an overview of the CDR3 sequences of three BV gene families 
obtained in the three vaccine samples of patient AMH. 

These results demonstrate that TCR BV gene families con- 
sisted of a limited number of different T cell clones and that iden- 
tical clonotypes are persistent in the three vaccines, although the 
frequency may vary. This finding is consistent with the previously 
described data on CDR3 fragment length analysis. For BV6, 
CDR3 sequence 'VRGD" represents the dominant clone in vac- 
cine 1, although several other clonotypes are present. In vaccines 
2 and 3, this T cell clone accounts for >90% (20/22) and even 
100% (24/24) of the randomly selected TCR BV 6 gene products. 
Within the BV 17 gene family, high frequencies of the dominant T 
cell clone with CDR3 sequence 'RMD' are found in vaccine 1 (21/ 
24), vaccine 2 (18/20) and vaccine 3 (5/9). Although the clonal 
composition of the less expressed BV 13-2 gene family is more 
heterogeneous, similar CDR3 sequences are found in the three 
different samples (Table 4). 

In conclusion, CDR3 sequence analysis of T cell clones 
present in a given TCR BV gene family demonstrated a stable and 
restricted clonal composition of vaccine T cell populations in the 
three vaccines of patient AMH. 

Immunological follow-up 

Frequency of myelin-reactive T cells. To study the effect of 
CSF-based T cell vaccination on circulating myelin-reactive T 
cells in the peripheral blood, we determined the frequency of anti- 
myelin T cells before and after vaccination by limiting dilution 
analysis. PMBC were plated out in the presence of native MBP, 
PTP-peptide mix or MOG-peptide mix. Tetanus toxoid was used 
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Fig. 4. CDR3 fragment length screening of two selected TCR BV genes in the CSF-derived T cell vaccines from two MS patients. The 
clonal composition of two TCR BV gene families in the vaccine cultures of two different MS patients (a: patient AMH BV gene 6 and b: 
patient FRW ]JV gene 7) was determined alter nested P( R amplification with a Ihiorcsccntk labelled I ( R IX' region-specilic primer of 
BV gene family amplicons. CDR3 fragment lengths were calculated using the Genescan-1000 ROX size standard and the 672 Genescan 
Software. Peaks with an identical CDR3 length in different samples are marked with a symbol ( A . ♦ and O). 



as a control antigen. After 14 days, using a classical proliferation 
assay, the number of antigen-specific T cell lines was determined. 
Frequencies of antimyelin T cells before and after vaccination are 
shown in Table 5. In two patients (FRW and JEL), the frequency 
of myelin-specific T cells was low before vaccination and 
remained stable after vaccination. However, in three of five 
patients, T cell lines reactive towards the three myelin antigens 
tested are present in the peripheral blood before vaccination. 
Interestingly, after vaccination, no myelin-reactive T cells could 
be found in one patient (TIB). Furthermore, in patients AMH 
and VET, who had relatively high frequencies of anti-MBP, anti- 
PTP and anti-MOG T cells before vaccination, a significant 
decline of circulating myelin-specific T cells was observed after 
vaccination (Table 5). In contrast, no significant changes in the T 
cell frequency to the control a nl igen Tetanus toxoid was observed. 
In conclusion, these data indicate that following T cell vaccination 
antimyelin reactivity in the peripheral blood remained low or was 
further reduced in all patients. 

Proliferative antivaccine response. To study the cellular 
immune response induced by T cell vaccination, PBMC of 

■> ■■) 2U03 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 1 



vaccinated patients were stimulated with irradiated vaccine cells 
or irradiated autologous PHA-stimulated T cell blasts (PHA 
blasts). The proliferative responses were evaluated at day 4 after 
stimulation using a classical [ 3 H]-thymidine assay. Figure 5 sum- 
marizes the proliferative responses, induced by T cell vaccines or 
PHA blasts for the five MS patients 1 month after the first or sec- 
ond and third vaccinations. Significant proliferative responses 
(SI > 3) towards the vaccine cells were observed in four of five 
patients. For two patients (TIB and JET), the proliferative 
response was more pronounced after the third vaccination (SI of 
10 and 32, respectively). Patient VET showed the highest antivac- 
cine response after the second vaccination, and high stimulation 
indices were calculated after each vaccination for patient FRW. In 
addition, strong proliferative responses were induced after stim- 
ulation with autologous PHA T cell blasts in all five patients. This 
antiergotypic response was more pronounced after the third vac- 
cination (Fig. 5). 

In conclusion, these data demonstrate that immunization with 
activated T cells induced a specific anti-idiotypic response 
(towards the vaccine T cells) in the majority of the patients. 
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Table 4. CDR3 sequence analysis of three TCR BV gene families in the vaccines of patient AMH 



Amino acid sequence 



TCR BV gene Sample 


Freq a 


BV 


BnDn 


BJ 


BC 


BV 6 Vaccine 1 


08/20 


FLCASS 


VRGD 


QPQHFGDGTRLSIL 


EDLNK 




05/20 


YL( 'ASS], 


YGPLAGVG 


EQFFGPGTRLi YL 


EDLKN 




03 20 


YRCAS 


RPGGG 


GYTFGSGTRLTW 


EDLKK 




03/20 


i I ( ASS 


DPGH 


YGYTFGSGTRLTVV 


EDLNK 




01/20 


YI.( ASS 


VRGD 


QPQHFGDGTRLSIL 


EDLNK 


Vaccine 2 


20/22 


FLCASS 


VRGD 


QPQHFGDGTRLSIL 


EDLNK 




02/22 


YLCASSL 


YGPLAGVG 


F, OFFGPGTRLTVL 


EDLKN 


Vaccine 3 


24124 


FLCASS 


VRGD 


QPQHFGDGTRLSIL 


EDLNK 


BV 13-2 Vaccine 1 


06/20 


YFCAS 


RDPPT 


YNKOFFGPG TRLTVL 


ELDKN 




03/20 


HAASS 


PFAGR 


TEAFFGQGTRLTW 


EDLNK 




03/20 


Yl'( ASSY 


RGTLG 


NROFFGPGTRLTVL 


EDLKN 




02/20 


YFCAS 


RSPT 


NTEAFFGQGTRLTVV 


EDLNK 




01/20 


YR 'ASSY 


SGTA 


NY GYTFGSGTRLTW 


1451 M< 




01/20 


YFCAS 


RNRGF 


SYNE QFFGPGTRLTVL 


EDLKN 




01/20 


TFCASSY 


KGSG 


TEAFFGQGTRLTW 


EDLNK 




01/20 


YFCAS 


RLQGN 


SNQPQHFGDGTRLSIL 


EDLNK 




01 20 


YFCAS 


GLQGN 


SNQPQIIFGDGTRLSIL 


EDLNK 




01/20 


YFCAS 


THQEYG 


NQPQHFGD GTRLSIL 


EDLNK 


Vaccine 2 


07/22 


YFCAS 


RNRGF 


S YNK Q FFGPGTRLTVL 


EDLKN 




06/22 


FFCASSY 


KGSG 


TEAFFGQGTRLTW 


EDLNK 




04/22 


YFCAS 


RDPPT 


1 "V I :o I FGPGTRLTVL 


ELDKN 




03 22 


YF< ASS i 


RGTLG 


NE QFFGPGTRLTVL 


EDLKN 




01 22 


YFCASS 


PFAGR 


1 1 iAlT'( iQ( i l'RL'1 VV 


EDLNK 






YF( ASSY 


SGRTYD 


E QFFGPGTRLTVL 


EDLKN 


Vaccine 3 




FFCASAT 




TEAFFGQGTRLTW 


EDLNK 




09/21 


YFCASSY 


SGTA 


NYGYTFGSGTRLTVV 


EDLNK 




02/21 


YFCAS 


RNRGF 


SYNEQFFGPGTRLTVL 


EDLKN 


BV 17 Vaccine 1 


21/24 


FiCASSJ 


RMD 


TEAFFGQGTRLTW 


EDLNK 




01/24 


YLCASS 


GHTGDN 


NSPLHFGNGTRLTVT 


EDLNK 




01/24 


YLCASSI 


VPG 


S G ANVLTFG AGSRLTVL 


EDLKN 




01/24 


YLCASSI 


PRGGSG 


YGYTFGSGTRLTW 


EDLNK 


Vaccine 2 


18/20 


YLCASSI 


RMD 


TEAFFGQGTRLTW 


EDLNK 




02/20 


YLCASSI 


VPG 


SGANVLTFG AGSRLTVL 


EDLKN 


Vaccine 3 


05/09 


YLCASSI 


RMD 


TEAFFGQGTRLTW 


EDLNK 




03/09 


YLCASSI 


GG 


NEQFFGPGTRLTVL 


EDLKN 




01/09 


YLCASSI 


VPG 


SGANVLTFGAGSRLTVL 


EDLKN 



*Freq: frequency : number of plasmids with a particular < DR > amino acid sequence as a fraction of the total number ol pi asm ids sequenced Lor a given 
TCR BV gene in a specific sample; b BV: variable region of the TCR beta chain: BnDn: divcrsiu region of the 4 CR beta chain: IS I: junctional region of 
the TCR beta chain; BC: constant region of the TCR beta chain. Identical CDR3 sequences within a specific TCR BV gene family are presented in italic 
and/or bold type. 



Furthermore, antiergotypic proliferative responses were observed 
in all patients, predominantly after the third vaccination. 

Comparison of cultured CSF cells hel< •>v mid after vaccination. 
IL-2 expanded CSF cultures were compared before and after vac- 
cination. Cell numbers after lumbar puncture (10-15 ml) varied 
significantly between patients (Table 6), both before (range: 
5225-157 000 cells) and after vaccination (range 11 250-105 000 
cells) and comparison of mean cell numbers showed a slight 
decrease of CSF cells after vaccination (before: 59 910 + 28 708; 
after: 44 940 ± 16 910). Before vaccination, we were able to grow 
CSF-derived cells from four of five MS patients, and after deple- 
tion of CD8 + T cells and yd cells, expanded CSF cultures consisted 
predominantly of CD4 + TCRa/} + T cells after approximately 
8 weeks of culture (Table 6). Remarkably, although similar cell 



numbers were obtained by lumbar puncture after the third vacci- 
nation, we could not grow CSF-derived T cells in two of five 
patients (LIB/JEL). Furthermore, CD8 + and yST cell populations 
were more persistent and could not always be depleted efficiently 
as is demonstrated by the phenotype expression profiles after 
approximately 8 weeks of culture (Table 6). 

For two patients, AMH and FRW, we compared the TCR BV 
gene repertoire of cultured CSF-derived CD4 + T cells before and 
after vaccination (Fig. 6). In these patients, differences in TCR 
BV gene expression profiles were seen at the two time-points. 
Some TCR BV gene families were preferentially expressed only 
before or after vaccination (AMH BV 1, 4, 8 and 134; FRW BV 
4, 7, 8, 17, 19 and 20) whereas for other T cell populations fluctu- 
ations in the TCR BV gene expression were observed. In 
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Table 5. Frequency of myelin-reactive T cells before and after vaccination Table 6. CSF cellularity before and after vaccination 



Patient 


Antigen 


before TCV 


after TCV b 


AMI I 


MBP (60 wells) 


5 


1 




PLP (30 wells) 








M< )( : (30 wells) 


1*4 






Tetanus toxoid (30 wells) 


4 


? 


VEL 


MBP (60 wells) 


16 






PLP (30 wells) 




2 




MOG (30 wells) 










18 


17 


FRW 


MBP (60 wells} 




3 




PLP (30 wells) 








MOG (30 wells) 








Tetanus toxoid (30 wells) 


NT 


NT 


LIB 


MBP (60 wells) 


3 


0 




PLP (30 wells) 




0 




MOG (30 wells) 




0 




Tetanus toxoid (30 wells) 


0 


0 


JEL 


MBP (60 wells) 


1 


0 




PLP (30 wells) 


0 


1 




MOG (30 wells) 


0 


2 




Tetanus toxoid (30 wells) 


0 


0 



'Frequency of myelin-specific I cells was determined by limiting dilu- 
tion analysis. Reactivity towards MBP, PLP (peptide mix) and MOG (pep- 
tide mix) was tested. In addition, a control antigen i Tetanus toxoid) was 
incorporated to prmide information about the lluctuations in the immune 
response in general. ""Frequency analysis was performed with freshly iso- 
lated PBMC shortly before the first vaccination and 4 months after the 
third vaccination. TCV: T cell vaccination; NT: not tested. 



addition, the clonal composition of four TCR BV gene families 
were analysed for patient AMH in CSF cultures and unstimulated 
PBMC before and after vaccination (Table 7). Although for both 
the TCR BV 6 and 13-2 gene family a reduced expression was 
observed in the cultured CSF (Fig. 6), the clonal composition of 
the CSF remained rather stable. For BV 6, the dominant clone 
'VRGD' persisted in the CSF after treatment and was even more 
frequent in peripheral blood (VRGD, 16/17). A new dominant 
clonotype was found in CSF at the second time-point (IPAGGA, 
6/19), whereas another clone was no longer detectable after vac- 
cination (YGPLAGVG). For BV 13-2, the dominant clone 
'KGSG' after vaccination (12/21), was also part of the more het- 
erogeneous T cell population at the first time-point (KGSG, 1/20) 
and could also be detected in the blood at both time-points 
(before: 3/18; after: 6/21). The most predominant clone in the CSF 
before vaccination (RDPPT, 6/20) persisted in the CSF after 
treatment (RDPPT, 6/21). Although the dominant clone from the 
blood (SGTA, 15/18) was found with a lower frequency after vac- 
cination (SGTA, 14/21), no increased frequency of this T cell 
clone was found in the CSF afterwards (SGTA, 1/21). A 
decreased expression of BV 17 was demonstrated by PCR- 
ELISA (Fig. 6). The dominant clone before vaccination for this 
BV gene family (RMD, 21/24) was after treatment only present in 
the CSF (RMD, 1/17) and in the blood (RMD, 1/26) at a very low 
frequency. However, although the dominant clone in the blood 



Patient 


number' 


Expansion 5 


CD4 + 


CD8 + yS + 


AMH 










before 


40 000 


+ 


95 


5 21 


after 


23 900 


+ 


9 


35 62 


VEL 












157 000 




n.d. 


n.d. n.d. 


after 


58 400 


+ 


9 


39 88 


FRW 












90 000 




90 


8 12 


after 


105 000 






1 19 


LIB 












6 925 




90 


8 1 




11 250 




n.d. 


n.d. n.d. 


JEL 










before 


5 625 




95 


0 2 


after 


26150 




n.d. 


n.d. n.d. 


"Cell mi 


imber counted a 


fter lumbar punct 


ure (10-15 i 


nl) before expan- 



sion; 'expansion of CSF-derived cells using low doses of rhIL-2 was suc- 
cessful for four of five MS patients before vaccination, and for three of five 
MS patients after vaccination: 'phenotype of cultured CSF-derived cells as 
determined after 8 weeks of expansion and depletion of non-CD4 + T cell 
populations using immunomagnetic beads. In the CSF cultures after vac- 
cination, large populations of CD8 + and/or yd cells could not always be 
successfully depleted: n.d.: not determined. 



(GG, 13/16) was detected at lower frequency after vaccination 
(GG, 13/26), this clone was one of the two new and most abundant 
clonotypes in the CSF after vaccination (GG, 5/17; LEYRGQ, 61 
17). Similar observations were reported for the TCR BV 9 family. 
The overrepresented T cell clone before vaccination (RTNN, 19/ 
22), was found at lower frequency in the CSF cultures after vac- 
cination (RTNN, 4/21). Furthermore, the dominant clone from 
the unstimulated PBMC before vaccination (PATLA, 8/19) per- 
sisted in the blood after vaccination and was also found at high 
frequency in the cultured CSF at the second time-point (PATLA, 
8/21). This might indicate that some T cells migrated from the 
periphery to the CNS. 

In conclusion, although no clear differences in the number of 
cells obtained after lumbar puncture could be found before and 
after vaccination, we were not able to isolate CD4 + T cells in four 
of five MS patients after vaccination because of large percentages 
of non-CD4 + T cell populations or poor expansion after IL-2 cul- 
turing. Furthermore, we found fluctuations in the TCR BV gene 
expression profiles and characterization of clonotypes in four BV 
gene families showed that some clones persisted after vaccination, 
others were found at significantly lower frequency and some T 
cells migrated from the peripheral blood into the CSF. Although 
this analysis allows to follow individual T cell clonotypes in CSF 
and blood before and after vaccination, it does not provide any 
information about a pathogenic or regulatory role of these T cells. 

Safety and clinical parameters 

Vaccinations were well tolerated and no toxicity or adverse 
effects were reported following administration of vaccine T cells. 
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Fig. 5. Proliferative response to T cell vaccines and autologous PHA-stimulated T cell blasts after vaccination. Freshly isolated PBMC 
from vaccinated patients were stimulated with irradiated vaccine cells or irradiated autologous PHA-stimulated T cell blasts 1 month after 
each vaccination. After 4 days, cells were harvested and proliferative responses were evaluated in a classical [ 3 H]-thymidine incorporation 
assa\. Uased on the incorporated radioactivity, stimulation indices were calculated. 
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Fig. 6. TCR BV gene expression profiles of cultured CSF-derived T cells before the first and after the third v; 
obtained before the first and alter the third vaccination b\ lumbar puncture were cultured lor S weeks and depleted from non-CD** T cells 
prior to PCR-F.l ISA anahsis. The expression ol each individual TCR BV gene (A 4 jb(BV i )) is presented as a percentage of the total BV 
gene expression (2 A,5o(BV n )). □, <5%; H, 5-10%; ■, 10-15%; ■. >15%. 



The data from this small open-label study cannot be used to sup- 
port clinical efficacy. However, the patients were monitored for 
changes in clinical status variables at several time-points before, 
during and after vaccination (Table 8). As demonstrated by EDSS 



scores, patients remained clinically stable during and at least 
4 months after treatment. After a longer period of 10-15 months 
after the last vaccination, one patient (FRW) showed a remark- 
able improvement of 2-0 points on the EDSS scale after 
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Table 7. CDR3 sequence analysis of fourTCR BV gene families in 
cultured CSFT cells and unstimulated mononuclear cells from the blood 
before and after vaccination for patient AMH 



Evolution 0 

TCR BV Amino acid 

gene Sample sequence 3 Frequency b before after 



i 
T 
T 

I 
I 

T 

T 

T 

T 
i 
i 
T 
t 
I 
I 



Amino acid sequence of 1 lie h\ per variable diversity region of theTC 'R 
beta chain (BnDn) from dominant I' cell clones within a specific BV gene 
family; b the frequencv is the number of plasmids w ith a particular CDR3 
amino acid sequence as a fraction of the total number of plasmids 
sequenced for a given TCR BV gene in a specific sample; 'evolution: 
comparison between frequency of a given T cell clone before and after 
vaccination: increased (t), decreased (I) or similar (=). BV: variable 
region of the /3 chain of the T cell receptor; CSF: cerebrospinal fluid; 
PBMC: peripheral blood mononuclear cells. ( SI I cells cultured for about 
8 weeks and depleted from non-CD4 + T cells were obtained before the first 
and after the third vaccination. 



treatment, whereas in two patients the EDSS score worsened. The 
remaining two patients were stable for the entire follow-up 
period. In addition, a reduced relapse rate was observed in all 
RR-MS patients. The mean relapse rate was 2-0 + 0-4 during a 
period of 2 years prior to TCV and 0-3 ± 0-3 in a period of 14- 
20 months after the first vaccination. MRI scans were obtained 
before the first and after the third vaccination. We observed active 
lesions in three of five MS patients after the last vaccination (2- 
8 months) but thus far, this observation did not result in a clinical 
exacerbation. For the two remaining patients, no active lesions on 
MRI were detected at both time-points. 

DISCUSSION 

Our previous study with TCV using MBP-reactive T cells has 
shown that this procedure leads to an up-regulation of the regu- 
latory anticlonotypic networks, and a specific suppression of the 
MBP-specific T cells in the periphery [9.35]. However, there are 
some limitations associated with this protocol of TCV using only 
MBP-specific T cell clones. Indeed, it has been demonstrated that 
the autoimmune response in MS is also directed to several other 
myelin antigens such as PLP and MOG [20,21,33]. This diverse T 
cell reactivity pattern might be present from disease onset and 
may persist along the disease progression, as shown in a study by 
Soderstrom and co-workers [27]. In contrast, recognition of mul- 
tiple myelin antigens could also be the result of inter or intramo- 
lecular epitope spreading after breakdown of the blood-brain 
barrier and subsequent demyelination and release of myelin frag- 
ments [22,36]. These two mechanisms may account for the heter- 
ogeneous reactivity against multiple myelin antigens and should 
be taken into consideration when developing an improved T cell- 
specific therapy for MS. In addition, it has been shown that the 
frequency of myelin-reactive T cells is increased in the cerebrospi- 
nal fluid of MS patients [25-28]. Other studies have demonstrated 
a high frequency of activated CD4 + T cells in CSF and showed that 
certain T cell clones persist for a long time in the CSF, further sup- 
porting their relevance for the immunopathogenesis of MS 
[37,38]. In EAE studies, it has been demonstrated that, although 



VRGD 8/20 8/19 

YPLAGVG 5/20 0/20 

1PPAGA 0/20 6/19 

VRGD 11/20 16/17 

YPLAGVG 0/20 1/17 

VGEQ 7/20 0/17 

RTNN 19/22 4/21 

PATLA 0/22 8/21 

RTNN 0/19 1/21 

PATLA 8/19 14/21 

RDPPT 6/20 6/21 

KGSG 1/20 12/21 

SGTA 1/20 1/21 

KGSG 3/18 6/21 

SGTA 15/18 14/21 

RMD 21/24 1/17 

GG 0/24 5/17 



Table 8. Overview of the clinical data 



AMH 2-5 2-5 

VEL 10 1-0 

FRW 3-5 2-0 

LIB 3-5 3-5 

JEL 6-5 6-5 



4-5 3 1 

1-0 1 0 

1-5 2 0 

3-5 2 0 

7-5 n.a. n.a. 



a EDSS scores as determined at study entry (before TCV), 4 months after the third vaccination (4 m) and 10-15 months after the third vaccination 
(10 15 in): 'relapse rates were calculated for a period of 2 years prior to ICY treatment (before l'('V) and calculated for a period of 14 20 months 
beginning at the date of the first vaccination ( alter I < \ I: a he presence of active MRI lesions was determined by M Rl at .one time- point before vaccination 
and at one time-point (2 8 months) alter the last vaccination. An active lesion was defined as a Tlw Gd enhanced lesion, or a new or enlarging T2w 
lesion. Lesions that appeared onT2w scans and were Gd enhanced on Tlw were counted only once; n.a.: not applicable. 
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the phenotype of T cells in the target organ diversifies as the dis- 
ease progresses, disease-associated T cells are preserved through- 
out the course of the disease [39,40]. Furthermore, bystander 
CSF-derived cells attracted to the site of inflammation may also 
be potentially important in the disease process. 

We carried out a CSF-derived T cell vaccination protocol 
based on the concept that CSF activated CD4 + F cells, recognizing 
a broad spectrum of myelin or other currently unidentified CNS 
antigens and bystander cells may be pathologically important in 
the disease process. We cultured CSF-derived mononuclear cells 
obtained from five MS patients with low doses of rhIL-2 to spe- 
cifically expand activated T cells, bearing the IL-2 receptor [37]. 
Other cell populations were depleted using immunomagnetic 
beads (CD8 + F cells and yd cells). Using this protocol CSF-based 
vaccines were generated from four of five MS patients. For one 
patient, CSF-derived F cells could not be expanded and instead 
we used IL-2 expanded T cells from the peripheral blood. 

Fire majority of the CSF-F cell cultures consisted of activated 
cells, which was shown previously to be necessary for an efficient 
recognition by anti-idiotypic F cells in EAE. Fhe F cells in the vac- 
cines phenotypically resemble pathogenic myelin-reactive F cells 
described previously in EAE and MS: CD4 + F helper cells of Thl- 
or mixed FhO-subtype [41-43]. All CSF-derived F cells produced 
high levels of the proinflammatory cytokines FNF-a and IFN-7 
Fhis production may be important as these cytokines have been 
shown to damage the myelin-producing oligodendrocytes, facili- 
tate the recruitment of inflammatory cells to the site of inflamma- 
tion by up-regulating the expression of adhesion molecules and 
lead to an increased presentation of CNS antigens after up- 
regulation of MHC class II molecules [44,45]. 

What is the composition of the CSF-based vaccines in terms of 
myelin-reactivity and clonal heterogeneity? As demonstrated by 
IFN-7 ELISPOF, all CSF-derived F cell vaccines displayed a het- 
erogeneous reactivity towards MBP-, PLP- and MOG-peptides. 
However, we only tested reactivity to a limited number of immu- 
nodominant peptides of three m\ clin antigens. It remains possible 
that F cells, recognizing other epitopes of MBP, PLP and MOG or 
even other (unidentified) CNS antigens, may also be present. In 
addition, we demonstrated that the true frequency of cytokine- 
secreting F cells upon specific antigen stimulation may be under- 
estimated using the ELISPOF-technique, as illustrated for pure 
CD4 + Fhl MBP- and MOG reactive F cell clones (data not 
shown). Semi-quantitative analysis of the TCR BV gene reper- 
toire revealed that only a limited number of BV genes is overex- 
pressed, although the identity of the predominant BV gene 
families varied between different MS patients. Fhese findings do 
not agree fully with a previous study that reported a marked bias 
of FCR BV6 in expanded CSF samples for the majority of the MS 
patients screened [37]. CDR3 fragment length screening and 
CDR3 sequence analysis of specific BV genes demonstrated a 
restricted clonal composition with only one or a few dominant 
clonotypes within a given BV family. In addition, our data illus- 
trate that clonal composition of the vaccines remained stable and 
dominant clones persisted during further culturing. In conclusion, 
our results demonstrate that the vaccines where composed of 
activated CD4 + Fhl/0 cells with a limited clonal origin and with 
reactivity to different myelin antigens but also unidentified 
antigens. 

Our data demonstrated a cellular proliferative response to the 
vaccines after immunization. From animal studies, we have 
learned that the F cell receptor (FCR) is the major target of both 



CD8 + MHC class I restricted and CD4 + MHC class II restricted 
anti-idiotypic F cells [46,47]. Based onF cell (receptor) vaccina- 
tion studies in humans, it has been shown that the anti-idiotypic F 
cell responses are directed preferentially at the hypervariable 
CDR3 or the less variable CDR2 sequences of the idiotypic FCR 
[15,48-50]. Although FCR determinants may be the predominant 
targets, additional surface molecules may also contribute to the 
enhancement of the peripheral regulatory networks. Immune 
responses directed at activation markers common to all CD4 + F 
cells may also play an important role in the suppression of acti- 
vated F cells following vaccination [7]. Although the targets for 
these F-F cell interactions remain unidentified, cytokine recep- 
tors have recently been proposed as candidate molecules [51]. 
Our data indicate that CSF-derived F cell vaccines are immuno- 
genic because both anticlonotypic and antiergotypic responses 
are present after vaccination. Indeed, we observed proliferative 
responses to irradiated vaccine cells but also against irradiated 
autologous PHA-stimulated F cell blasts. Fhese data correspond 
to our previous studies of TCV with MBP-reactive F cell clones: 
anticlonotypic F cell lines isolated from immunized patients were 
predominantly CD8 + cytolytic F cells that specifically recognized 
and lysed the immunizing T cell clones in the context of MHC 
class I molecules and CD4 + F cells were the major cytokine pro- 
ducing cells in the antivaccine cell population after TCV [13-15]. 
Furthermore, antiergotypic F cell responses have been demon- 
strated in almost all patients [12]. 

Interestingly, we found a significant reduction of MBP, PLP 
and MOG-reactive F cells in the periphery after FCV in two MS 
patients, while the frequency of TT-specific T cells remained the 
same. In the other three patients the antimyelin reactivity was 
rather low before vaccination and remained stable or was further 
reduced. Our results suggest that b\ enhancing the regulatory net- 
works (both anticlonotypic and antiergotypic), the frequency of 
myelin-reactive T cells can be reduced by TCV. Furthermore, we 
were not able to successfully expand activated CD4 + F cells from 
the CSF after vaccination in the majority of the patients. It is 
tempting to speculate that CSF cultures either are depleted from 
activated F cells or are dominated by other cell subsets involved 
in the anticlonotypic and antiergotypic regulation of the patho- 
genic F cells. Fhese findings are consistent with another F cell 
receptor vaccination study, where MS patients were immunized 
with a FCR BV6 peptide [52]. This BV gene family was overex- 
pressed in the CSF-derived activated T cell population of the 
majority of the MS patients screened previously [37]. After vac- 
cination, CSF cultures of some patients failed to expand in cytok- 
ine supplemented conditions and the authors proposed that the 
lack of cell growth might imply the absence of activated F cells in 
the CSF of these patients [52]. However, CDR3 sequence analysis 
to compare the clonal heterogeneity of cultured CSF and non- 
stimulated PBMC before and after vaccination in one MS patient 
revealed that F cell clones comprised in the CSF vaccines were 
still detectable: some clones persisted in the CSF and peripheral 
blood, although the frequency of other dominant F cell clones sig- 
nificantly diminished after vaccination. Despite the fact that this 
patient (AMH) showed an antivaccine response following vacci- 
nation, the number or immunogenicity of certain F cell clones in 
the CSF vaccines might be too low to induce a sufficient anticlo- 
notypic response to (completely) eliminate these pathogenic F 
cells. These observations are in line with a previous report on 
TCR peptide vaccination: immunization with a low dosage of 
the TCR BV6 peptide did not reduce the frequency of TCR 
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BV6-specific T cells after treatment. In contrast, the higher dose 
vaccination was more effective [52]. Another possibility to cir- 
cumvent this problem is to perform repeated vaccinations (more 
than three) to obtain efficient immune responses towards all vac- 
cine cells over time. It should also be noted that for one MS 
patient, we were not able to generate a CSF-derived T cell vac- 
cine. Instead we used activated T cells from the blood, and both 
anticlonotypic and antiergotypic responses were detected after 
vaccination. In addition, we found a significant reduction of MBP, 
PLP and MOG-reactive T cells in the periphery. Although we pre- 
sume that the frequency of pathogenic T cells is higher in the CSF, 
we have also demonstrated in patient AMH that activated T cell 
clones in the blood before vaccination can be detected in the CSF 
afterwards. Therefore, using these T cells as vaccines might pre- 
vent their migration to the CNS and subsequent pathological 
effects. The procedure for the generation of blood-derived acti- 
vated CD4 + T cell vaccines is less complicated, but the relevance 
of these activated T cells to the disease is less clear. In conclu- 
sion, we demonstrated a significant immunological response both 
to the vaccine cells (anti-idiotypic) as well as to activated cells 
in general (antiergotypic), although T cell clones used in the 
CSF-derived vaccines were not completely eliminated after 

This pilot trial was not designed to draw conclusions about 
treatment efficacy, but preliminary data suggest some degree of 
clinical benefit for MS patients in terms of a reduced relapse rate 
and a stabilization of disease scores shortly after vaccination. 
Based on the promising results on feasibility and safety of this 
approach, together with the immune effects, a double-blind pla- 
cebo-controlled clinical trial involving 60 early RR-MS patients 
was recently initiated to study the efficacy of vaccination with 
CSF-derived T cells in a larger population. 
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